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Abstract 
 Modern reservoir studies use reservoir simulation to predict future production and plan 
reservoir development.  Due to the increase in production in unconventional reservoirs in recent 
years, the number of hydraulically fractured wells has risen drastically.  The days of using simple 
analytic techniques to account for the production of a single hydraulic fracture in a vertical well 
are gone, and the need to be able to model numerous hydraulic fractures in many stages over 
long horizontals is required. 
 This brings up the study question of this research: What is the best way to model 
hydraulic fractures in a flow simulator?  There are several methods to model hydraulic fractures 
that have been published, but there does not seem to be a clear consensus of what the best 
method might be or why a certain method is used.   
 To determine which hydraulic fracture modeling method might be the best, a selection of 
methods is chosen based on what is available and what is commonly used in various reservoir 
simulation software packages.  This research was performed in the Petrel/Eclipse reservoir 
simulation environment.  The methods being test were the Easy Frac, Schlumberger Correlation, 
LGR/Tartan grid, and the Conductivity Filter.  These methods are tested on two real-world well 
datasets: A Vertical Dry Gas well and a Horizontal Oil Well model. 
 The Easy Frac and Schlumberger Correlation are a form of uniform conductivity 
rectangular fracture that is common in most modern reservoir simulation software.  The user 
selects the location and the desired hydraulic fracture properties and the software changes 
various properties to increase production and model the hydraulic fracture.  The LGR/Tartan grid 
breaks cells down into smaller sections to allow the user to specify a hydraulic fracture width 
that can then have a fracture permeability applied to model the hydraulic fracture conductivity.  
The Conductivity Filter also models the hydraulic fracture conductivity by recalculating the 
fracture permeability using the width of an entire grid cell as the hydraulic fracture width.  This 
permeability is then applied to the grid cells that represent the hydraulic fracture. 
 Grid cell sensitivities were performed to determine the best grid cell sizes for both the 
Vertical Dry Gas Well and the Horizontal Oil Well models.  Once these grid cells sizes were 
chosen, cumulative production was compared, a run time comparison was performed, and 
a least squares sum analysis was performed to obtain a numerical value of how well a method 
matched the magnitude of observed production. 
 In the Vertical Dry Gas Well model the Schlumberger Correlation had the best results 
when visually comparing production to the observed data as well as having the smallest least 
squares sum value.  It also managed to capture the production trend while maintaining a run time 
that was in the middle of the other methods. 
 The Horizontal Oil Well did not have the best results due to methods not accurately 
capturing the shape of the observed production.  The method that captured the last 6 months of 
the observed production and had the lowest least squares sum value was the LGR/Tartan grid 
method.   
 Overall there was no clear better method than others.  Some methods performed well in 
certain situations and worse in others.  Ultimately it will come down to the desired outcome of 
the reservoir simulation model to determine which method will best suit that purpose as well as 
the user knowing the advantages and disadvantages of each method.   
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and fluid viscosity. 
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Dual Permeability Model 
 
 
Residual   
 
 
Least Squares Method 
A group of planes representing fractures.  
Fractures of the same type that are generated at 
the same time are grouped into a fracture set.  The 
simplest fracture sets are defined 
deterministically. 
 
 
A grid refinement that breaks a gridblock down 
into smaller sections usually on a logarithmic 
scale.   
 
Grid refinement that is like the Scottish plaid 
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boundary to the other unlike a LGR. 
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1. Introduction 
Stanolind Oil performed the first recorded hydraulic fracture in 1949.  Since that time 
over 2.5 million fracture treatments have taken place all over the world.  (Montgomery, 2010).  
Figure 1 and 2 show the increase in oil and gas production from hydraulically fractured wells.  
Over 4 times the amount of oil and gas was produced from hydraulically fractured wells in 2015 
than was produced in 2010. 
 
 
Figure 1: Oil Production from Hydraulically Fractured Wells (2000-2015) Adapted from “Hydraulic 
Fracturing Accounts for About Half of Current U.S. Crude Oil Production” EIA, Cook, 2015. 
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Figure 2: Gas Production from Hydraulically Fractured Wells (2000-2015) Adapted from “Hydraulically 
fractured wells provide two-thirds of U.S. natural gas production” EIA, Perrin, 2015. 
 
A major petroleum industry priority has been the turnaround time of reservoir 
simulations.  Model sizes are reaching upwards of a billion cells and the recovery mechanisms 
and reservoir management processes are changing.  These changes are making models more 
computationally intensive (Beckner et al, 2015). 
In the days that vertical wells accounted for most of the wells drilled, only one hydraulic 
fracture was used.  This allowed for reservoir models to capture the increase in production using 
simple analytical techniques such as equivalent wellbore radius, negative skin, and productivity 
index.  As unconventional reservoirs and long horizontal wells with numerous hydraulic 
fractures became more common, the use of these analytical tools to model hydraulic fractures 
became less relevant.  With modern horizontal wells reaching twenty or more hydraulic fracture 
stages, new methods to model hydraulic fractures in a flow simulator became apparent.   
New methods of modeling hydraulic fractures have been developed over the years, but 
there is no agreement on which method is the best.  The methods used are chosen by the person 
3 
building the reservoir simulation without a lot of justification of why the selected method was 
the most appropriate for the reservoir model. 
Due to the increase in oil and gas produced from hydraulically fractured wells, modern 
reservoir studies must be able to accurately and economically include the effects of hydraulic 
fracturing on hydrocarbon production as well as considering the most efficient way to construct 
these models. 
1.1. Study Question and Objective 
What is the best method to modeling hydraulic fractures in a flow simulator?  This 
research compares a selection of current methods of modeling hydraulic fractures in flow 
simulation. Various models are evaluated to determine if any hydraulic fracture modeling 
method is better than the others.  The methods include a selection of more popular single 
porosity hydraulic fracture modeling methods. The methods being analyzed include two built-in 
hydraulic fracture modeling techniques in Schlumberger’s Petrel reservoir modeling software, a 
local grid refinement (LGR) technique, and a method that uses modified permeability values for 
entire grid cells in hydraulically fractured regions around the wellbore called a Conductivity 
Filter.  The two methods included in Petrel are the Easy Frac and a proprietary Schlumberger 
Correlation. 
For this research, the results of these models are visually compared to real-world 
production data as well as having a least-squares analysis performed to give a numerical value of 
how close each method matches real-world production.  Run time and the information needed to 
implement each method are also considered when making the determination for the best 
hydraulic fracture modeling method. 
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2. Literature Review 
2.1. Methods of Modeling Hydraulic Fractures 
According to the SPE paper “Examination of Hydraulic Fracture Production Modeling 
Techniques” (Akuanyionwu et al, 2012) there are three different categories of modeling 
hydraulic fractures.  These are analytical, numerical, and semi analytical/numerical. The authors 
created the generalization shown in Figure 3 to show when various methods should be used to 
maximize their effectiveness based on profitability and time duration.  The time duration of the 
models was split into short term, mid-term, and long-term. 
 
Figure 3: Analytical, Numerical, and Semi Analytical/Numerical Methods 
 
While this is a rough guide there is no concrete set of rules that a modeler must follow to 
model hydraulic fractures. 
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Analytical methods make simplifications such as equivalent wellbore radius or negative 
skin factor.  Other assumptions are single phase flow, homogeneous reservoir properties, well 
placement, and ignoring gravity effects.  These methods do not account for the physics of flow 
between the matrix and the fracture. 
Semi analytical methods are an upgrade from analytical methods and can handle two 
phase flows.  Semi-analytical methods also use some of the basic generalizations that are used in 
traditional analytical methods to keep the speed of simulations and the speed of setup relatively 
fast. 
Numerical methods model the actual physics of the fluid flow between the reservoir 
matrix and the fracture. In the explicit numerical approach, the gridblocks located in the reservoir 
simulation model are refined towards the wellbore and the permeability of the gridblocks is 
altered to represent the hydraulic fracture.  This is known as the local grid refinement (LGR) 
technique.  When the numerical approach is compared to the analytical and semi-analytical 
methods, numerical methods are better for multiphase problems and when the reservoir exhibits 
significant vertical heterogeneity. 
2.1.1. Past Hydraulic Fracture Modeling Methods 
Abacioglu et al (2009) modeled hydraulic fractures in a tight gas formation using an 
infinite-conductivity line source.  The authors concluded that wellbore cross-flow in the 
simulator needed to be included for the coarse grid field scale model to better model shut in 
pressures.  As with all simulations they also cautioned that models need to be constructed 
properly and the results checked for accuracy. 
Sadrpanah et al (2006) compared using analytical fracture modeling against explicit 
numerical modeling in the Dunbar field’s horizontal wells.  They found that analytical modeling 
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over simplified the problem by not considering fracture geometry and reservoir boundary 
conditions. 
Ehrl et al (2000) used fully coupled local grid refinements to model hydraulic fractures in 
horizontal wells located in the Soehlingen field.  They found that analytical models worked well 
for the initial production phase, but the LGR worked better for predicting long term production. 
Hegre (1996) concluded that fractured horizontal well representations in reservoir 
simulation models are dependent upon the desired study objectives.  He also recommended that 
if the fracture was modeled explicitly, that the fracture width be increased while the fracture 
permeability be decreased.  This allowed the fracture to maintain the same conductivity, but did 
not cause as many numerical errors in the simulation.  Hegre also reviewed the equivalent 
wellbore radius analytical method of modeling hydraulic fractures.  His conclusion was that it 
works well for reservoir management purposes, but can only be used if the fractured horizontal 
well is located inside one areal grid cell.   
Karcher et al (1986) looked at the productivity index increases in horizontal wells 
compared to vertical wells.  They concluded that the productivity index for a horizontal well 
could be 2-5 times better than that of a vertical well in the same homogenous medium.  They 
also found that if a horizontal well crossed a natural vertical fracture network then the production 
could be increased up to 10 times or more. 
Harikesavanallur et al (2010) examined how fractures should be modeled when they are 
created in horizontal wells in an existing natural fracture network.  They estimated the extent of 
the stimulation volume for each stage of the hydraulic fracturing process by examining 
microseismic data.  From this they created the volumetric fracture modeling approach (VFMA).  
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Using this approach, it was possible to analyze the drainage volume of shale gas reservoirs. They 
found it performed well in full field simulations with no computational issues. 
Moneim et al (2012) purposed using the amalgam LGR technique to lower the grid size 
to the same dimensions as the hydraulic fracture without increasing the run time of the model.  
To accomplish this goal the authors used multiple LGRs to capture the fracture length and 
height.  This only increased their model by roughly 7,000 grid cells instead of 116,856 grid cells 
that would have been used by a traditional LGR method. 
Wu et al (2011) developed a mathematical model for oil or gas flow in an 
unconventional, low permeability porous or fractured reservoir.  The mathematical model 
modified Darcy’s law to include non-Darcy flow with inertial effects, non-Newtonian behavior, 
adsorption and other reaction effects, and rock deformation.  This mathematical model was then 
put into a general reservoir simulator and successfully used in modeling multi-scaled fractures 
and matrix systems. 
Shaoul (2005) concluded that advances in computing power made explicit modeling of 
hydraulic fractures in a 3D multiphase simulator possible. The newly developed tools made 
modeling faster and more consistent because the reservoir simulator links with the fracture 
simulator to create local grid refinements. 
Bogachev (2010) states the problem with reservoir simulators is the realistic description 
of large fractures remains a problematic issue.  Since a realistic solution is lacking, per the 
author, reservoir engineers come up with unphysical approximations that can cause significant 
distortions of model properties.  These distortions then carry over to a decrease in the prediction 
power of the model.  To combat this, the author purposes new technology to build a network of 
“virtual” perforations in grid cells that would be intersected by the hydraulic fracture.  This 
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method would allow reservoir engineers to simulate full field models without having to worry 
about computational issues. 
 After examining various methods of modeling hydraulic fractures there is not a clear 
consensus about the most effective way to model hydraulic fractures in a reservoir flow 
simulator.  Some methods appear to work, but are a hassle to implement while others make 
sweeping generalizations that do not accurately model the real-world physics of the fluid flow 
through a hydraulic fracture. The methods that are available that can be implemented into any 
reservoir flow simulator have not been directly compared and this research seeks to find the 
method that is the most effective or outline which methods would be useful given different 
scenarios. 
2.1.1.1. Uniform Conductivity Fracture (Easy Frac)  
Petrel is a Schlumberger software package that allows for geological modeling, seismic 
interpretation, uncertainty analysis, well planning, and connects with the Eclipse reservoir flow 
simulator.  Within the Petrel environment, a hydraulic fracture can be classified as a well event 
and can model the hydraulic fractures by changing connected cell transmissibility, pore volume 
multipliers, and cell based transmissibility multipliers.  These events modify the connection 
factors that intersect the hydraulic fracture in addition to the transmissibility multipliers in the x, 
y, and z direction for the regions that are located around the hydraulic fracture.  The inter-cell 
and well-cell transmissibility multipliers are calculated from an internal method that was 
developed by Schlumberger.  This method is known as the Uniform Conductivity Fracture or 
Easy Frac method. 
Petrel calculates the ratio of hydraulic fracture width to fracture cell width and then uses 
this value to scale the pore volume to the cells where the hydraulic fracture is located to get a 
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better representation of the actual width of the hydraulic fracture. This change is included at the 
start of the reservoir simulation and uses the MULTPV keyword in the GRID section of the 
ECLIPSE deck. 
2.1.1.2. Schlumberger Proprietary Correlation 
A second method was developed and patented by Schlumberger for its internal use in 
Petrel. The Schlumberger Correlation method was created by using single phase models that 
included explicit models of hydraulic fractures using local grid refinements. The models that 
were created to determine this correlation used a variety of grid block sizes, hydraulic fracture 
lengths, angles between the hydraulic fracture and the grid block, and ratios between fracture 
permeability and grid block permeability.  These models were then run in ECLIPSE with 
observation wells surrounding the fractured well.  An optimization algorithm was used on a 
coarse grid model to try and match the pressure in the fractured and observation wells to the 
wells located in the explicit model.  This was done by changing transmissibility multipliers 
located around the location of the hydraulic fracture and by changing Productivity Index (PI) 
values.  This process was then repeated over and over until a set of correlations was created.  
These correlations are then used to generate the transmissibility multipliers that will be used and 
exported to the ECLIPSE deck. 
2.1.1.3. Local Grid Refinement 
The basis for the LGR method of modeling hydraulic fractures can be found in the early 
1980s.  In 1982 von Rosenberg with Mobil Research and Development wrote “Local Mesh 
Refinement for Finite Difference Methods”.  In this paper, a local mesh refinement technique 
was proposed where additional nodes would be used in regions where they are necessary.  These 
refined grids do not extend to the edge of the reservoir model like a tartan grid. A tartan pattern 
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is a pattern, of criss-crossed vertical and horizontal bands.  A tartan grid has the same pattern but 
will break grid cells down into smaller grid cells over the entire length or width of the reservoir 
model.  Instead the refinement was performed just in the area where it is needed.  Figure 4 shows 
the difference between these two refinement methods visually.  The results of the local mesh 
refinement method were that accurate solutions were obtained with the use of fewer nodes. A 
recommendation of four small increments, followed by four medium sized, and then coarse mesh 
was suggested as the most effective method of refinement (von Rosenberg, 1982). 
 
Figure 4: Tartan Grid (left) vs. Locally Refined Grid (right) 
 
In 1983 Heinemann et al performed more work using local grid refinements as a 
technique in a multiple-application reservoir simulator by comparing the results of using a LGR 
against a normal grid. No significant differences were found between the two methods. It was 
found that a LGR could maintain run stability while decreasing run time. The conclusion was 
that grid refinement did a better job of accurately capturing the pressure and saturation 
relationships without having to increase the number of grid blocks (Heinemann, 1983). 
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2.1.1.4. Gridblock Conductivity Filter 
The Sanish field is in Mountrail County, North Dakota.  The recovery factor for this field 
has been estimated to be less than 15%.  The case study “Modeling Gas Injection into Shale Oil 
Reservoirs in the Sanish Field, North Dakota” by Dong and Hoffman in 2013, examined the 
performance of CO2 injection for the Bakken interval in a sector of the Sanish Field.  The 
location of the Sanish field is shown in Figure 5.  The model area is shown in Figure 6. 
 
Figure 5: Sanish Field Location 
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Figure 6: Sanish Field Map and Four Section Area for the Reservoir Model 
 
Dong and Hoffman (2015) used the Conductivity Filter to model hydraulic fractures in 
their model.  The Conductivity Filter only changes gridblock properties and not grid cell sizes. 
An image of the model can be seen in Figure 7.  The model covers the four-section area and has 
the three producing wells along with hydraulic fractures.  To decrease the run time of the model 
the orientation of the model was rotated approximately 30 degrees, so the horizontal sections of 
the wells were parallel with the grid network.  The modeled hydraulic fractures can be seen 
perpendicular to the wellbore. 
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Figure 7: Model Grid and Location of Wells 
 
The modeled hydraulic fractures have a permeability of 10 mD and a fracture half-length 
of 600 ft.  To incorporate the hydraulic fractures into the model six gridblocks in the y-direction 
were chosen and the permeability of those gridblocks were set to be 10 mD.  Gridblocks were 
also set to be 10 mD in the z-direction for the 10 layers of the model to represent the 30 ft. of pay 
zone.  This method will be used as a test case for this research.  
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3. Methodology 
 To determine the best method of modeling hydraulic fractures in a flow simulator based 
on a selection of single porosity hydraulic fracture modeling techniques, two different reservoir 
simulation models were constructed, and various prediction cases were run.  The two reservoir 
models were a dry gas reservoir with a vertical well and one vertical hydraulic fracture and an oil 
reservoir with a single horizontal well and ten hydraulic fractures.  The hydraulic fracture 
modeling methods included Petrel’s Easy Frac, Petrel’s Proprietary Correlation, Local Grid 
Refinement, and the Permeability Filter method.  A fifth case, called the No Frac case was also 
run as a control.   
3.1. No Frac Case 
The No Frac Case was run to provide baseline simulated production without any 
hydraulic fracture modeling technique. This case helped with troubleshooting hydraulic fracture 
modeling methods that might not have been behaving as expected.  An example would be the 
Easy Frac method not increasing production with one hydraulic fracture or not increasing 
production for more than one hydraulic fracture. 
3.2. Easy Frac 
The Easy Frac case was created using the base models and then inputting a measured 
depth for fracture locations as well as the hydraulic fracture properties of entire fracture length, 
height, width, and fracture permeability. The fracture length is the entire length of the fracture, 
not the half-length. These inputs were changed in the completion manager of Petrel after a 
completion event was created for the date the hydraulic fracture took place.  These models all 
had completion events on the day the well started producing. 
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3.3. Schlumberger Correlation 
The Schlumberger Correlation case was created in the same way as the Easy Frac case.  
A completion event was created for the desired hydraulic fracture date, which in this case was 
the day the well came online.  Next the hydraulic fracture inputs of measured depth for the 
locations of the hydraulic fractures were input, as well as hydraulic fracture length, height, width, 
and fracture permeability.  
3.4. Conductivity Filter 
The Conductivity Filter was used by determining the location of the hydraulic fractures 
and then using an index filter to isolate the cells that would represent the hydraulic fracture.  
Since the use of the entire grid cell does not allow for the hydraulic fracture width to be directly 
considered, the fracture conductivity was divided by the width of the cell resulting in a new 
hydraulic fracture permeability.  This new hydraulic fracture permeability was then used for the 
cells representing the hydraulic fracture. 
3.5. Grid Cell Size 
To determine the best grid cell size of the Vertical Dry Gas model and the Horizontal Oil 
Well model, various grid cell sizes were used with the hydraulic fracture modeling methods.  
The results were then compared using a normalized cumulative production range to determine 
when the results were the most similar. This helped determine the largest grid cell size to use 
while still maintaining the integrity of the results and avoiding numerical dispersion due to 
changing grid cell size. 
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3.6. Data Analysis 
 To compare results for the different hydraulic fracture modeling methods, the simulated 
production was compared visually to the actual observed production. This visual inspection 
allowed for observations of over production or under production trends among the hydraulic 
fracture modeling methods. A least squares regression was performed on the prediction cases to 
provide a quantitative measure of accuracy.  Run time was recorded from the Eclipse run log to 
assess computational efficiency of each method. Run time was measured in seconds. 
 The least squares analysis is a comparison of simulated production to actual production in 
terms of magnitude.  This serves to measure the “wrongness” of a simulated hydraulic fracture 
modeling method.  To perform the least squares analysis, the difference between predicted 
production for a certain date and the observed production for the same date was squared and the 
squares for all dates were summed.  This was done on monthly intervals since the simulation 
reported production data monthly. The hydraulic fracture modeling method with the lowest least 
squared sum was considered the most accurate in terms of magnitude when compared to the 
observed production. 
3.7. Hydraulic Fracture Descriptions 
To perform this study of hydraulic fracture modeling methods in a flow simulator, 
hydraulic fracture descriptions were needed. The hydraulic fracture descriptions for this study 
were defined using GOHFER because it was a piece of software that provided all the needed 
values for the hydraulic fracture length, width, height, and permeability.  GOHFER is described 
as a “multi-disciplinary, integrated geo-mechanical fracture simulator that incorporates all the 
tools necessary for conventional and unconventional well completion design, analysis and 
optimization.” It is published by Barree and Associates out of Lakewood, Colorado. The 
17 
hydraulic fracture description from GOHFER were based on a hydraulic fracture location, pump 
schedule, fluid library, and various petrophysical logs for the reservoir.  Based on the hydraulic 
fracture descriptions from GOHFER, assumptions were made such as a rectangular fracture 
shape and a set conductivity throughout the fracture.   
GOHFER uses various petrophysical logs to generate grids with the reservoir properties 
that are needed to perform the hydraulic fracture design simulation.  Next a pump schedule is 
imported, and a fracture fluid is selected from the fluid library.  Once all the inputs are in the 
program, a simulation is run and then the pressure results are checked against a Discrete Fracture 
Injection Test (DFIT), if one is available.  Various matrix properties can then be modified to 
improve the history match of the simulation to the production data of the well.  Figure 8 shows 
an example of the simulated production rate compared to observed production rate. 
 
Figure 8: GOHFER Rate Match 
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 Once the model had been history matched, the values of the hydraulic fracture parameters 
are displayed.  This is shown in Figure 9.  GOHFER provides a fracture width, height, the 
maximum hydraulic fracture length, and the proppant cutoff length.  For this study the proppant 
cutoff length was the length of the fracture that was described to the flow simulator.  Figure 10 
shows the maximum hydraulic fracture conductivity for the Vertical Dry Gas well.  This was the 
value that was used for the hydraulic fracture descriptions.  This figure also shows an 
approximate representation of what a half-length of the hydraulic fracture might look like for 
various properties.  The one shown is the variation in conductivity of the length of the hydraulic 
fracture, with the highest conductivity closest to the well and decreasing conductivity at the 
fracture tip.   
 
 
Figure 9: Hydraulic Fracture Properties 
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Figure 10: Hydraulic Fracture Conductivity 
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4. Vertical Dry Gas Model 
4.1. General Reservoir and Model Description 
The dimensions of the vertical dry gas model were 4000 ft. x 4000 ft. x 200 ft.    The 
model was assigned permeability and porosity values from the datasets that were used in 
GOHFER.  These values are shown in Table I.  A visual representation of the porosity and 
permeability values by layer can be seen in Figures 11-12.  Porosity and permeability were 
assumed to be homogenous within a layer, and each layer was 10ft thick.  Reservoir pressure was 
set to 6044 psi. The fluid models used for the simulation are included in Appendix C. 
Table I: Vertical Gas Well Permeability and Porosity Values 
Layer Permeability in XY (mD) φ in XY 
1 0.006 0.05 
2 0.021 0.09 
3 0.008 0.07 
4 0.003 0.04 
5 0.009 0.07 
6 0.009 0.07 
7 0.038 0.12 
8 0.023 0.10 
9 0.026 0.11 
10 0.035 0.12 
11 0.031 0.12 
12 0.021 0.10 
13 0.004 0.06 
14 0.002 0.05 
15 0.006 0.06 
16 0.004 0.06 
17 0.004 0.06 
18 0.283 0.08 
19 0.003 0.03 
20 0.021 0.01 
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Figure 11: Vertical Well Porosity by Layer 
 
 
 
Figure 12: Vertical Well Permeability by Layer 
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4.1.1. Hydraulic Fracture Description Obtained from GOHFER 
GOHFER provided an average hydraulic fracture width, height, length, and maximum 
conductivity value for the hydraulic fracture. In the flow simulation environment assumptions 
are made for ease of use such as assuming a uniform conductivity value and a rectangular bi-
wing shape.   Table II displays the hydraulic fracture description used for this well. 
 
Table II: Vertical Gas Well Hydraulic Fracture Description Properties 
Hydraulic 
Fractures 
Measured Depth 
(ft.) 
Length 
(ft.) Width (in)  Height (ft.) Conductivity (mD*ft.) 
1 11389 700 0.37 100 156.5 
 
4.1.1.1. No Frac Case 
 In the No Frac case the hydraulic fracture was not modeled, and the production was 
simulated with all the same inputs and values that the rest of the hydraulic fracture models used.  
This established a baseline to compare the other hydraulic fracture methods to and to determine 
if a hydraulic fracture modeling method was increasing production as expected. 
4.1.1.2. Easy Frac 
To implement Easy Frac, a completion event was created in Petrel for a specific date.  
Once the completion event was created, a hydraulic fracture would show up under the well folder 
that has tabs to alter various hydraulic fracture properties.  Figure 13 shows the completion event 
screen. The two tabs that were used are shown in Figure 14.  For the Easy Frac method the 
measured depth was input, and the desired hydraulic fracture date was selected on the left tab of 
Figure 18.  They hydraulic fracture properties such as hydraulic fracture height, width, 
permeability, orientation, and length are shown on the right side of Figure 14.  For the Easy Frac 
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method the Correlation check box was not checked. A visual representation of the hydraulic 
fracture and location inside the cells of the reservoir are shown in Figure 15.   
 
 
Figure 13: Completion Event Screen Used for Vertical Gas Well Hydraulic Fracture 
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Figure 14: Hydraulic Fracture Properties Tabs for Vertical Gas Well Easy Frac 
 
 
Figure 15:  Easy Frac and Schlumberger Correlation for Vertical Gas Well 
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4.1.1.3. Schlumberger Correlation 
 The Schlumberger Correlation process was created in the exact same way that the Easy 
Frac method was implemented.  First a completion event was created, and a hydraulic fracture 
date was selected.  Next a measured depth was input into the left side tab of Figure 14.  Then the 
hydraulic fracture input was typed into the boxes of the right side of Figure 14.  To differentiate 
the Easy Frac method from the Schlumberger Correlation, the “Correlation” check box on the 
bottom of the tab shown in Figure 18 needs to be checked.  This tells Petrel to use the correlation 
and not perform the Easy Frac method.  Figure 15 also shows a visual representation of the 
hydraulic fracture as well as its location. 
4.1.1.4. Conductivity Filter 
 To implement the Conductivity Filter in the Vertical Dry Gas well, first the cells that 
represented the hydraulic fracture needed to be selected.  The easiest way to perform this task 
was to turn on the Easy Frac method that was set to a date outside the development strategy of 
the model.  This gave a visual representation of the size and location of the hydraulic fracture.  
Since the Conductivity Filter does not consider the hydraulic fracture width, only the length and 
height of the fracture were taken into consideration.  An index filter was used to select the 
appropriate cells.   
 Next the maximum conductivity of the fracture provided by GOHFER of 156 md*ft. was 
divided by the 50 ft. width of the grid cell.  This gave a new fracture permeability of 3.12 mD. 
This new fracture permeability was applied to just the cells that were selected to represent the 
hydraulic fracture.  The filtered cells that represent the hydraulic fracture are shown in Figure 16. 
After the hydraulic fracture permeability was set, the model was run, and the results were 
compared.  It should be noted that this method does not allow for changing the date the hydraulic 
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fracture occurs.  It is hard coded into the matrix of the model and will increase production as 
soon as the model starts to run, even if the well has not yet come online. 
 
Figure 16: Conductivity Filter 
 
4.1.1.5. LGR/Tartan Grid 
 To implement the LGR/Tartan Grid method, first a point was created at the location of 
the hydraulic fracture.  This was done by turning on Easy Frac and setting the date outside the 
range of the development strategy.  The point was then set at the location of the Easy Frac to 
make sure that the LGR/Tartan Grid hydraulic fracture was at the correct measured depth.  Once 
the point was created, the grid was modified to include a tartan grid in a logarithmic pattern.  The 
J direction was selected to set the tartan grid perpendicular to the well to make the hydraulic 
fractures in a transverse orientation.  Figure 17 shows the Tartan Grid screen in Petrel. 
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Figure 17: Tartan Grid Screen 
 
 Using the logarithmic pattern allows the user to set the inner cell of the hydraulic fracture 
dimensions.  This will become the hydraulic fracture width in whatever units the project was set 
up in.  For this research field units were used, so the hydraulic fracture width of 0.37345 inches 
provided by GOHFER becomes 0.03 ft.  The point that was assigned to the hydraulic fracture 
location is then inserted to start the tartan grid at that location.  Figure 18 shows the tartan grid 
with the cell in the center. 
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Figure 18: Tartan Grid 
 
 After the tartan grid is created, the horizons and layering need to be assigned to the model 
as well as the permeability and porosity values.  This is because the grid has been changed so the 
properties need to be reapplied.  The easiest way to accomplish this is to scale up the properties 
from the grid that the Easy Frac models were used on.  Once the hydraulic fracture properties are 
assigned, then an index filter can be used to isolate the very thin section of cells in the middle of 
the tartan grid that will represent the hydraulic fracture.  When these grid cells are isolated, the 
permeability was changed to 5200 mD.  Then the model was run, and the results were compared.  
A visual representation of what the hydraulic fracture looks like after the permeability filter has 
been applied can be seen in Figure 19.  Due to the graphical limitations of Petrel it was not 
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possible to show the hydraulic fracture inside the grid and had to be isolated outside the grid to 
become visible. 
 
 
Figure 19: Tartan/LGR Hydraulic Fracture 
 
4.1.2. Grid Cell Size Evaluation 
The well with the single hydraulic fracture was placed into the center of the model space.  
The Vertical Dry Gas model was then discretized into four grid cell sizes shown in Table III, to 
determine which cell sizes had variance in simulated production due to numerical dispersion.  
This was accomplished by analyzing the cumulative production by hydraulic fracture modeling 
method and by grid cell size.  Table III shows that the LGR method had identical production for 
all the grid cell size cases.  The Schlumberger Correlation had the best results with the 50ft x 
50ft x 10ft case.  The LGR/Tartan grid method had very similar production to the Conductivity 
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Filter for the smaller grid cell sizes of 20 ft. x 20 ft. x 10ft and 50 ft. x 50 ft. x 10ft.  The Easy 
Frac method overpredicted for all grid cell sizes.  All plots are in Appendix A. 
Due to computing limitations, the grid cell sizes could not be any smaller than 20ft x 20ft 
x 10ft.  When the grid cell sizes were larger than the 200ft x 200ft x 10ft case, there would be 
problems with the hydraulic fracture permeability becoming smaller than the matrix 
permeability.  This is due to the hydraulic fracture conductivity being a fixed amount and if a 
larger cell size width is used, then the resulting fracture permeability will end up being less than 
the model matrix permeability. 
Using all this information, the grid cell size that works the best for most of the methods is 
the 50ft x 50ft x 10ft grid cell size.  This is the grid cell size that will be used for the least squares 
sum analysis and the run time analysis. 
 
Table III: Cumulative Production Summary 
Grid Cell Size LGR (MSTB) 
Easy Frac 
(MSTB) 
Correlation 
(MSTB) Conductivity Filter (MSTB) 
20ftx20ftx10ft 100 292 74 105 
50ftx50ftx10ft 100 300 174 95 
100ftx100ftx10ft 100 321 128 90 
200ftx200ftx10ft 100 360 203 88 
 
4.2. Vertical Dry Gas Well Results 
4.2.1. Vertical Dry Gas Well Cumulative Production 
Figures 20 displays the cumulative gas production for the selected grid cell size of 50 ft. 
x 50 ft. x 10 ft.  The results show the Conductivity Filter and the LGR had identical production 
and capture the production trends for the early life of this dry gas well.  The Schlumberger 
Correlation had the best results in terms of observed production, but appears to indicate if there 
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were more observed production data that it might start to overpredict production.  The Easy Frac 
method overpredicted production when compared to the observed data. 
 
Figure 20: Gas Production Cumulative 
 
4.2.2. Vertical Dry Gas Well Least Squares Analysis 
The least squares sum was calculated by taking the observed production and subtracting 
the simulated production and then squaring the difference.  This was done monthly.  The squared 
differences were summed together to give an indication of how well each method matched the 
observed production.  This provides a numerical value to compare the results with as opposed to 
the visual representation seen in Figure 20. The results from the least squares analysis are shown 
in Figure 21. 
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Figure 21: Vertical Dry Gas Well Least Squares Sum Comparison 
 
4.2.3. Vertical Dry Gas Run Time Analysis 
 Looking at Table IV, the run times for the Vertical Dry Gas Well show that the 
LGR/Tartan grid had the smallest run time of all the methods by a large margin.  Despite having 
the same production results as the LGR/Tartan grid method, the Conductivity Filter took more 
than five times longer to run.  The Conductivity Filter and the LGR/Tartan grid methods both ran 
faster than the model without accounting for hydraulic fractures as shown by the No Frac case.  
The Correlation had the best results, but had the second longest run time followed by the Easy 
Frac method with the slowest run time of all the methods compared. 
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Table IV: Vertical Dry Gas Well Run Times 
Vertical Dry Gas Well Run Time 
No Frac 11.24 
Easy Frac 79.94 
Correlation 11.53 
Conductivity Filter 10.6 
LGR/Tartan 1.38 
 
4.2.1. Vertical Dry Gas Results Summary 
 Looking at the results of all the hydraulic fracture modeling methods tested in this study, 
the Schlumberger Correlation had the best results in terms of matching the observed production.  
It is somewhat concerning that if the simulation had been run over a longer time frame that the 
method might continue increase production more than the what the observed data shows.  While 
this method captured the shape of the observed data and had a similar magnitude, it took much 
longer to run this method than some of the others. 
 The Easy Frac method had the greatest least squares sum from overpredicting the 
observed data and it also took the longest to run by over 10 seconds.  The LGR/Tartan grid and 
the Conductivity Filter both had similar results, but the LGR/Tartan grid was more difficult to set 
up.  This was offset by the fact that it ran faster than the No Frac case with a time of 1.81 
seconds.  Both these methods capture the shape of the observed data, but were underpredicting 
compared to the observed data.   
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5. Horizontal Oil Well Model 
5.1. General Reservoir and Model Description 
The dimensions of the Horizontal Oil Well model is 20,400 ft. x 18,000 ft. x 200 ft.  The 
model was assigned permeability and porosity values from the GOHFER dataset.  These values 
are shown in Table V.  A visual representation of the porosity and permeability values by layer 
can be seen in Figures 22-23.  Porosity and permeability were assumed to be homogenous within 
a layer and, each layer was 10ft thick.   
A reservoir pressure of 6425 psi and a bubble point of 2400 psi were used in the reservoir 
model.  The initial water saturation was 30% and the initial oil saturation was 70%.  The fluid 
models used for the simulation are included in Appendix D. 
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Table V: Horizontal Oil Well Permeability and Porosity Values 
Layer Permeability in XY (mD) Φ 
1 0.004 0.03 
2 0.003 0.03 
3 0.005 0.03 
4 0.005 0.03 
5 0.004 0.03 
6 0.006 0.03 
7 0.009 0.03 
8 0.006 0.03 
9 0.008 0.03 
10 0.005 0.03 
11 0.002 0.04 
12 0.1 0.04 
13 0.006 0.04 
14 0.002 0.04 
15 0.005 0.03 
16 0.004 0.03 
17 0.004 0.03 
18 0.006 0.03 
19 0.005 0.03 
20 0.006 0.03 
21 0.006 0.04 
22 0.004 0.03 
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Figure 22: Horizontal Oil Well Permeability 
 
 
Figure 23: Horizontal Oil Well Porosity 
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5.1.1. Hydraulic Fracture Description Obtained from GOHFER 
The GOHFER modeling process provided values of fracture half-length, fracture width, 
height, and conductivity for ten hydraulic fractures in the horizontal oil well model. Table VI 
displays the hydraulic fracture description used for this well. 
 
Table VI: Horizontal Oil Well Hydraulic Fracture Description Properties 
Hydraulic 
Fractures MD (ft.) 
Half-
Length 
(ft.) 
Width(in) Height (ft.) Conductivity 
1 17476 898 0.33 48 15.39 
2 17099 1164 0.18 24 16.36 
3 16702 1512 0.33 21 13.95 
4 16259 1020 0.36 63 13.09 
5 15953 1512 0.35 93 15.73 
6 15696 1008 0.42 105 15.29 
7 15074 1152 0.17 75 15.00 
8 14683 1160 0.27 36 13.60 
9 14101 1200 0.28 42 13.90 
10 13410 1368 0.37 66 16.00 
 
5.1.1.1. No Frac Case 
In the No Frac case the hydraulic fracture was not modeled, and the production was run 
with all the same inputs and values that the rest of the hydraulic fracture models used.  This 
established a baseline to compare with the other hydraulic fracture methods and to determine if a 
hydraulic fracture modeling method was increasing production. 
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5.1.1.2. Easy Frac 
To implement Easy Frac, a completion event was created in Petrel for a specific date.  
Once the completion event was created, a hydraulic fracture would show up under the well folder 
that has tabs to alter various hydraulic fracture properties.  Figure 24 shows the completion event 
screen where the start date and the well containing the hydraulic fracture or fractures are 
specified.  The two tabs that were used are shown in Figure 25.  The measured depth was input, 
and the desired hydraulic fracture date was selected in the hydraulic fracture tabs that are shown 
in Figure 25.  The hydraulic fracture properties such as hydraulic fracture height, width, 
permeability, orientation, and length are shown on the right side of Figure 25.  For the Easy Frac 
method, the Correlation check box was not checked.  This process was repeated for each of the 
10 hydraulic fractures.  Figure 26 shows the hydraulic fractures in the model space. 
 
 
Figure 24: Completion Event Screen 
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Figure 25: Hydraulic Fracture Properties Tabs 
 
 
Figure 26: Horizontal Oil Well Easy Frac and Correlation 
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5.1.1.3. Schlumberger Correlation 
The Schlumberger Correlation process was created in the exact same way that the Easy 
Frac method was implemented.  First a completion event was created, and a hydraulic fracture 
date was selected.  Next a measured depth was input into the left side tab of Figure 25.  Then the 
hydraulic fracture input was typed into the boxes of the right side of Figure 25.  To differentiate 
the Easy Frac method from the Schlumberger Correlation the “Correlation” check box on the 
bottom of the tab shown in Figure 25, needs to be checked to tell Petrel to use the correlation and 
not perform the Easy Frac method.  This process was repeated for each of the 10 hydraulic 
fractures. 
5.1.1.4. Conductivity Filter 
 To implement the Conductivity Filter in the Horizontal Oil well, first the cells that 
represented the hydraulic fracture needed to be selected.  The easiest way to perform this task 
was to turn on the Easy Frac method that was set to a date outside the development strategy of 
the model.  This gave a visual representation of the size and location of the hydraulic fractures.  
Since the Conductivity Filter does not consider the hydraulic fracture width, only the length and 
height of the fractures were taken into consideration.  An index filter was used to select the 
appropriate cells.   
 GOHFER provided a different hydraulic fracture conductivity for each hydraulic fracture.  
Using these values and dividing by the cell width in feet, a new fracture permeability was 
calculated.  These fracture permeabilities were then applied to the cells that represent the 
hydraulic fractures.  These cells can be seen in Figures 27 and 28.  After the hydraulic fracture 
permeabilities were set, the model was run, and the results were compared.  It should be noted 
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that this method does not allow for changing the date the hydraulic fracture occurs.  It is hard 
coded into the matrix of the model and will increase production as soon as the model starts.   
 
Figure 27: Horizontal Oil Well Conductivity Filter Fractures Front View 
 
 
Figure 28: Horizontal Oil Well Conductivity Filter Fractures Side View 
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5.1.1.5. LGR/Tartan Grid 
 To implement the LGR/Tartan Grid method, first 10 points were created at the location of 
the hydraulic fractures.  This was done by turning on Easy Frac and setting the date outside the 
range of the development strategy.  The points were then set at the locations of the Easy Frac to 
make sure that the LGR/Tartan Grid hydraulic fracture was at the correct measured depth.  Once 
the points were created, the grid was modified to include 10 tartan grids in a logarithmic pattern.  
The J direction was selected to set the tartan grids perpendicular to the well to make the 
hydraulic fractures in a transverse orientation.   
Using the logarithmic pattern allows the user to set the inner cell of the hydraulic fracture 
dimensions.  This will become the hydraulic fracture width in whatever units the project was set 
up in.  For this research field units were used and GOHFER provided a different set of fracture 
properties and dimensions for each of the 10 hydraulic fractures.  The point that was assigned to 
the hydraulic fracture location is then inserted to start the tartan grid at that location.  Figure 29 
shows the tartan grids for the Horizontal Oil Well model.  Figure 30 shows the tartan grid setup 
screen and the hydraulic fractures widths. 
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Figure 29: Horizontal Oil Well Tartan Grid 
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Figure 30: Horizontal Oil Well Tartan Grid Setup Screen 
 
Figures 31 and 32 show what the hydraulic fractures look like in the reservoir using the 
LGR/Tartan grid method.  Due to the well being drilled up-dip, the hydraulic fractures being 
various sizes, and the nature of how Petrel renders the images of the tartan grid in its 3D viewer, 
it was not possible to show an image with the hydraulic fractures in the model space with the 
other grid cells around them.  As with the Conductivity Filter method, the hydraulic fracture is 
hard coded into the matrix of the model and will increase production as soon as the model starts.   
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Figure 31: LGR/Tartan Grid Fracture Front View 
 
 
Figure 32: LGR/Tartan Grid Fracture Side View 
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5.1.2. Grid Cell Sizes Evaluated 
 To determine the best grid cell size for this study four different grid cell sizes were used 
with each hydraulic fracture modeling method.  Due to memory limitations smaller grid cell 
sizes were not able to be used due to computer memory limitations.  Larger grid cell sizes were 
also not used because the results of the current grid cell sizes do not do a good job of matching 
the trend of the observed production.  Due to the larger grid cell sizes not matching the 
production trend very well after the six-month mark, the 100ft x100ft x10ft grid cell size was 
chosen for the analysis of this study.  Table VIII shows that the Easy Frac and Correlation had 
similar cumulative production for the 200 ft. x 200 ft. x 10 ft. and 300 ft. x 300 ft. x 10 ft. cases 
but did not match the production trends well.  The plots for the various grid cells sizes are in 
Appendix B. 
 
Table VII: Cumulative Production Summary 
Grid Cell Size LGR (MSTB)   
Easy 
Frac 
(MSTB) 
Correlation 
(MSTB) 
Conductivity 
Filter 
(MSTB) 
100ft x 10ft x 10ft 74   91 98 101 
200ft x 200ft x10ft 93   83 106 111 
300ft x 300ft x 10ft 102   81 107 129 
400ft x 400ft x 10ft 108   94 133 133 
 
5.2. Horizontal Oil Well Results 
5.2.1. Horizontal Oil Well Cumulative Production 
 Figure 33 shows the cumulative production for the Horizontal Oil Well.  The LGR 
method seems to do a decent job of matching the production for the second half of the observed 
production data but does not capture the production trend for the first half.  All the other methods 
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have a very linear trend that do not seem to match up with the observed data at all.  Overall the 
LGR had the best results but only captured half of the production trend. 
 
Figure 33: Horizontal Oil Well Cumulative Production 
 
5.2.2. Horizontal Oil Least Squares Analysis 
 The results of the least squares sum analysis for the various methods are shown in 
Figure 34.  The least squares sum for the LGR/Tartan grid method shows it had the best results 
of the methods compared.  Looking back at Figure 33, this method matched about half of the 
observed data very well, which is why the least squares sum is so low.  The other methods are 
within one order of magnitude of each other, but the results are not as good as the LGR/Tartan 
grid method.  The LGR/Tartan grid method is the best method in terms of just least square sum 
analysis.  
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Figure 34: Horizontal Oil Well Least Squares Analysis 
 
5.2.1. Horizontal Oil Well Run Time Analysis 
 Table VIII shows the Horizontal Oil Well run time comparison.  While the LGR 
tentatively had the best results of all the methods when it came to cumulative production 
matching the observed production, it took much longer than the other models to run.  This could 
be due to a couple different factors such as the addition of grid cells due to the 12 tartan grids 
that were created and convergence issues due to these additional cells. 
 
Table VIII: Horizontal Oil Well Run Time 
Horizontal Oil Well Run Time 
No Frac 116.58 
Easy Frac 141.08 
Correlation 181.5 
Conductivity Filter 154.95 
LGR/Tartan 409.42 
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 The other methods were within the same 120-180 second window and produced very 
similar linear trends as well as similar results that did not match the observed data very well. 
 
5.2.2. Horizontal Oil Well Results Summary 
Overall the LGR was the best method for the 100 ft. x 100 ft. x 10 ft. grid cell model.  It 
had the lowest least square sum value indicating that it matched the magnitude of the observed 
production the best.  The major downside to this method was the run time.  It took over twice as 
long to run the LGR/Tartan grid method than it did to run the other methods.  Another downside 
to this method is it does not seem to match the early production data very well.  It did do a decent 
job of matching the last six months of the observed data which the other methods did not.  The 
Easy Frac, Schlumberger Correlation, and Conductivity Filter were all easy to implement.  The 
LGR/Tartan grid method was much more involved to set up due to the need to create 10 tartan 
grids within the reservoir model space. 
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6. Conclusions 
 Each of the hydraulic fracture modeling methods evaluated in this study had their 
strengths and weaknesses. To evaluate these a No Frac case should be run to be able to determine 
if the hydraulic fracture modeling method is increasing production as expected.  This is a 
valuable troubleshooting tool especially for hydraulic fracture modeling methods such as Easy 
Frac and the Schlumberger Correlation.  This is due to the user just needing to input values and 
letting the software handle the rest of the process. 
 The LGR/Tartan grid method produces decent results and provides the user with the 
desired hydraulic fracture width no matter what the grid cell sizes are.  This also allows for a lot 
of consistency in results over various grid cell sizes.  The downsides to this method are the 
addition of grid cells to the model space that can result in longer run times or convergence errors 
due to a sharp change in properties. 
 The Easy Frac and the Schlumberger Correlation allow the user a very easy to use 
interface to input hydraulic fracture data into the model.  The downside to these methods are the 
user may not know what the model is changing to increase production.  The Easy Frac method 
has less problems than the Schlumberger Correlation method but seems to lack the accuracy of 
the Correlation.  The Correlation has its set of issues.  While inputting the desired hydraulic 
fracture values is relatively easy, the Correlation seems to be sensitive to the size of the reservoir.  
Sometimes the models would run but not include the designed hydraulic fractures until the size 
of the reservoir was increased.  It was also noticed that the number of hydraulic fractures using 
the Schlumberger Correlation is limited to 10.  This might be due to the limit of local grid 
refinements allowed in Eclipse and the Correlation’s use of these local grid refinements. 
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 The Conductivity Filter method is one of the easier methods to set up but did not have the 
best results.  It also did not have the worst results.  It also managed to have similar results to the 
LGR/Tartan grid method in the Vertical Dry Gas Well model without having additional grid cells 
added to the model. Not having to add this additional cell allowed the Conductivity Filter method 
to keep its run time lower than the LGR/Tartan Grid model.  When compared to the Easy Frac 
method, the Easy Frac is probably easier to use but with the Conductivity Filter method the user 
knows exactly what is being changed to alter production.  
  Overall there was no clear better method than others.  Some methods performed well in 
certain situations and worse in others.  Ultimately it will come down to what the desired outcome 
of the reservoir simulation model to determine which method will best suit that purpose. 
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7. Recommendations 
The following recommendations came from the conclusion of this study: 
 
1. Dual Porosity/Dual Permeability models should be tested as a method for 
modeling hydraulic fractures.  This would include the Discrete Fracture Network 
approach as well as assigning the hydraulic fracture description to a hydraulic 
fracture located on the fracture grid. These methods would also include a 
connectivity factor to link the two grid systems together.  Being that there would 
be one system that handles flow in the matrix and another to handle flow in the 
fracture and a connection between them, this should be a better way to model 
what occurs in a hydraulically fractured reservoir. 
 
2. A hydraulic fracture sensitivity should be performed on each method tested to 
determine if any methods are sensitive to various input parameters.  These 
parameters would include conductivity, fracture width, height, and half length. 
 
3. Test the idea of simple fractures versus complex fractures.  Do we need to model 
every hydraulic fracture in a flow simulation or is it possible to use a lesser 
number of fractures and still maintain the desired result? 
 
4. Compare various hydraulic fracture descriptions from sources other than 
GOHFER to determine how sensitive the simulation is to where the hydraulic 
fracture description was obtained.  
 
5. Multiple well models with various orientations should be evaluated to see how 
adding complexity to the models will affect the hydraulic fracture modeling 
results. 
 
6. Evaluate wells with longer lifespans to see which methods will match early, 
middle, or late time.  History matching a model for early time using each 
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hydraulic fracture method and then comparing the prediction cases to actual 
production could indicate which hydraulic fracture modeling method is best for 
future prediction purposes. 
 
7. Test the Conductivity Filter Method using varying fracture porosity values to see 
how this would affect results.  This might be able to decrease the overprediction 
characteristics that were seen in this research. 
 
8. Consider pressure dependent permeability to better capture the production trends 
of hydraulically fractured wells in unconventional reservoirs when testing 
hydraulic fracture modeling methods. 
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9. Appendix A: Vertical Well Cases 
9.1. No Frac  
 
 
Figure 35: Cumulative Gas Production No Frac Case (20ftx20ftx10ft) 
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Figure 36: Cumulative Gas Production No Frac Case (50ftx50ftx10ft) 
 
 
Figure 37: Cumulative Gas Production No Frac Case (100ftx100ftx10ft) 
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Figure 38: Cumulative Gas Production No Frac Case (200ftx200ftx10ft) 
 
9.2. Easy Frac 
 
Figure 39: Cumulative Gas Production Easy Frac Case (20ftx20ftx10ft) 
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Figure 40: Cumulative Gas Production Easy Frac Case (50ftx50ftx10ft) 
 
 
Figure 41: Cumulative Gas Production Easy Frac Case (100ftx100ftx10ft) 
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Figure 42: Cumulative Gas Production Easy Frac Case (200ftx200ftx10ft) 
 
9.3. Schlumberger Correlation 
 
Figure 43: Cumulative Gas Production Schlumberger Correlation Case (20ftx20ftx10ft) 
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Figure 44: Cumulative Gas Production Schlumberger Correlation Case (50ftx50ftx10ft) 
 
 
Figure 45: Cumulative Gas Production Schlumberger Correlation Case (100ftx100ftx10ft) 
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Figure 46: Cumulative Gas Production Schlumberger Correlation Case (200ftx200ftx10ft) 
 
9.4. LGR/Tartan Grid 
 
Figure 47: Cumulative Gas Production LGR/Tartan Case (20ftx20ftx10ft) 
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Figure 48: Cumulative Gas Production LGR/Tartan Case (50ftx50ftx10ft) 
 
 
Figure 49: Cumulative Gas Production LGR/Tartan Case (100ftx100ftx10ft) 
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Figure 50: Cumulative Gas Production LGR/Tartan Case (200ftx200ftx10ft) 
 
9.5. Conductivity Filter 
 
Figure 51: Cumulative Gas Production Conductivity Filter Case (20ftx20ftx10ft) 
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Figure 52: Cumulative Gas Production Conductivity Filter Case (50ftx50ftx10ft) 
 
 
Figure 53: Cumulative Gas Production Conductivity Filter Case (100ftx100ftx10ft) 
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Figure 54: Cumulative Gas Production Conductivity Filter Case (200ftx200ftx10ft) 
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10. Appendix B: Horizontal Oil Well Cases 
10.1. No Frac 
 
Figure 55: Cumulative Oil Production No Frac Case (100ftx100ftx10ft) 
 
 
Figure 56: Cumulative Oil Production No Frac Case (200ftx200ftx10ft) 
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Figure 57: Cumulative Oil Production No Frac Case (300ftx300ftx10ft) 
 
 
Figure 58: Cumulative Oil Production No Frac Case (400ftx400ftx10ft) 
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10.2. Easy Frac 
 
Figure 59: Cumulative Oil Production Easy Frac Case (100ftx100ftx10ft) 
 
 
Figure 60: Cumulative Oil Production Easy Frac Case (200ftx200ftx10ft) 
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Figure 61: Cumulative Oil Production Easy Frac Case (300ftx300ftx10ft) 
 
 
Figure 62: Cumulative Oil Production Easy Frac Case (400ftx400ftx10ft) 
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10.3. Schlumberger Correlation 
 
Figure 63: Cumulative Oil Production Schlumberger Correlation Case (100ftx100ftx10ft) 
 
 
Figure 64: Cumulative Oil Production Schlumberger Correlation Case (200ftx200ftx10ft) 
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Figure 65: Cumulative Oil Production Schlumberger Correlation Case (300ftx300ftx10ft) 
 
 
Figure 66: Cumulative Oil Production Schlumberger Correlation Case (400ftx400ftx10ft) 
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10.4. LGR/Tartan Grid 
 
Figure 67: Cumulative Oil Production LGR Case (100ftx100ftx10ft) 
 
 
Figure 68: Cumulative Oil Production LGR Case (200ftx200ftx10ft) 
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Figure 69: Cumulative Oil Production LGR Case (300ftx300ftx10ft) 
 
 
Figure 70: Cumulative Oil Production LGR Case (400ftx400ftx10ft) 
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10.5. Conductivity Filter 
 
Figure 71: Cumulative Oil Production Conductivity Filter Case (100ftx100ftx10ft) 
 
 
Figure 72: Cumulative Oil Production Conductivity Filter Case (200ftx200ftx10ft) 
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Figure 73: Cumulative Oil Production Conductivity Filter Case (300f0tx300ftx10ft) 
 
 
Figure 74: Cumulative Oil Production Conductivity Filter Case (400ftx400ftx10ft) 
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11. Appendix C: Vertical Model Properties 
 
Figure 75: Vertical Well Krw-Kro Curves 
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Figure 76: Vertical Well Krg-Kro Curves 
 
 
Figure 77: Gas Viscosity 
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Figure 78: Gas Formation Volume Factor 
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12. Appendix D: Horizontal Model Properties 
 
 
Figure 79: Krw-Krow Curves for Horizontal Oil Well 
 
 
Figure 80: Krg-Krog Curves for Horizontal Oil Well 
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Figure 81: Formation Volume Factor 
 
 
Figure 82: Viscosity 
 

